The gene D5 product (gpD5) of bacteriophage T5 is a DNA-binding protein that binds preferentially to double-stranded DNA and is essential for T5 DNA replication, yet it inhibits DNA synthesis in vitro. Mechanisms of inhibition were studied by using nicked DNA and primed single-stranded DNA as a primertemplate. Inhibition of T5 DNA polymerase activity by gpD5 occurred when double-stranded regions of DNA were saturated with gpD5. The 3' -+ 5' exonuclease associated with T5 DNA polymerase was not very active with nicked DNA, but inhibition of hydrolysis of substituents at 3'-hydroxyl termini by gpD5 could be observed. T5 DNA polymerase appears to be capable of binding to the 3' termini even when double-stranded regions are saturated with gpD5. The interaction of gpD5 with the polymerases at the primer terminus is apparently the primary cause of inhibition of polymerization.
The gene D5 product (gpD5) of bacteriophage T5 is a DNA-binding protein that binds preferentially to double-stranded DNA and is essential for T5 DNA replication, yet it inhibits DNA synthesis in vitro. Mechanisms of inhibition were studied by using nicked DNA and primed single-stranded DNA as a primertemplate. Inhibition of T5 DNA polymerase activity by gpD5 occurred when double-stranded regions of DNA were saturated with gpD5. The 3' -+ 5' exonuclease associated with T5 DNA polymerase was not very active with nicked DNA, but inhibition of hydrolysis of substituents at 3'-hydroxyl termini by gpD5 could be observed. T5 DNA polymerase appears to be capable of binding to the 3' termini even when double-stranded regions are saturated with gpD5. The interaction of gpD5 with the polymerases at the primer terminus is apparently the primary cause of inhibition of polymerization.
Several proteins that bind preferentially to double-stranded DNA are known. Some, as in nucleosomes, are involved in maintaining DNA in a condensed state (13) . Others, such as A repressor and cro protein (22) , bind to specific sites on DNA controlling transcription. Some, such as the T antigen of simian virus 40 (18) and the 0 protein of bacteriophage A (27) , bind to specific sites controlling initiation of DNA replication. There are many others with no obvious roles and no obvious enzymatic activities. Generally, they stimulate transcription and inhibit DNA synthesis in vitro (16) .
The product of gene D5 (gpD5) of bacteriophage T5 has been observed to be involved in some of these functions. It is an asymmetric protein with an Mr of 28,000 and is the most abundant protein synthesized by phage T5-infected cells (23) . It binds preferentially and cooperatively to duplex DNA; at saturation, one protein covers 40 base pairs (bp) (11, 23) . Our calculation based on the size and the number per cell of gpD5 suggests that it is possible for duplex DNA to be in complex with a chain of gpD5 molecules from one end to the other. Analysis of DNA isolated from a crude extract of the infected cells suggests that DNA is complexed to saturation with proteins at the late phase of infection (unpublished observation). Work with amber mutants has shown that gpD5 is essential for DNA replication, for shutoff of some early transcription, and for the expression of late genes (2, 20, 23) . However, both DNA polymerase and RNA polymerase are inhibited by gpD5 in vitro (8; this report). The molecular basis of the functions of gpD5 is not clear. This report concentrates on the effects of gpD5 on the functions of T5 DNA polymerase in vitro.
MATERIALS AND METHODS DNA preparations. The T5 DNA was extracted from T5HA23, a mutant with no genetically determined single-stranded breaks in DNA (24) . Unless otherwise specified, both labeled and unlabeled T5 DNA were prepared from purified bacteriophage as described previously (12) . The intact nature of T5 DNA was tested by alkaline sucrose gradient centrifugation (9) .
PM2 DNA was prepared as described previously (9) .
DNA was nicked with DNase I (Worthington Diagnostics) as described previously (9) . DNA was denatured by boiling for 2 min.
Restriction enzyme digests of DNAs were prepared under conditions given by the commercial sources, but the optimum amount was determined for each lot of enzymes by agarose gel electrophoresis of products. SmaI was from Boehringer Mannheim Corp., and HindIII was from Miles Laboratories, Inc.
DNA labeled with 32p to a high specific activity was prepared by nick translation in vitro. T5 DNA was treated with 1.3 ng of DNase I (9) per ml and nick translated with Escherichia coli polymerase I with
[32P]dTTP (specific activity, 8 x 104 cpm/pmol) essentially as described previously (19) . The product was extracted with an equal volume of phenol and purified by passing through a Sephadex G100 column (10 by 0.7 cm). The column was equilibrated with 20 mM Trishydrochloride (pH 8.1) containing 0.1 M NaCl, and the sample was loaded and eluted with the same buffer. Calf thymus DNA (PL Biochemical) was made 0.5 mg/ml in 75 mM Tris-hydrochloride (pH 7.6) containing 20 mM NaCl and denatured by boiling for 5 min.
Polydeoxyadenylic acid and decadeoxythymidylic acid were from PL Biochemicals. The chain length of polydeoxyadenylic acid was estimated to be about 400 from the "zero time intercept" of the kinetics of synthesis with T5 DNA polymerase (5).
Polymerases. T5 DNA polymerase was prepared as described previously (9) .
E. coli RNA polymerase, purified to apparent homogeneity, was a gift from D. M. DeMarini (Biology Division, Oak Ridge National Laboratory).
Gene D5 product. The purification procedure is given in detail elsewhere (24a). Briefly, E. coli lysate was prepared as for T5 DNA polymerase (9) . DNA was precipitated with polyethylene glycol 6000 and protein purified by passage through three columns (nicked DNA-cellulose, DEAE-Sephadex, and denatured DNA-cellulose) in sequence. When about 35 p.g of the protein was analyzed by polyacrylamide gel electrophoresis, only one band was detectable with an Mr of about 28,000. Radioactively labeled gpD5 was prepared by the same method with cells labeled by the following procedure. Concentrated E. coli F was prepared essentially as described previously (15) (ii) DNA hydrolysis. The standard reaction mixture for the polymerase-associated 3' -* 5' exonuclease was as above without the four dNTPs. T5 [32P]DNA was the usual substrate. After the reaction, a sample was placed on three layers of 1.5-cm2 DE81 paper, processed, and counted (1, 3) . Washing of the filters by the buffer (0.3 M NH4 formate-0.01 M NaPPi, pH 7.8) was done in 1.5 ml twice, and each wash was counted by using 15 ml of ACS scintillation fluids (Amersham). For 32P-labeled substrates, the sum of the radioactivity on the filter and that in the wash solution was equal to the input. For 3H-labeled substrates, the filter quenched the activities even after washing with ethanol and ether; therefore, only the value from the wash was used. For exonuclease III (Miles Laboratories, Inc.), the reaction mixture prescribed by Miles was used and assayed with DE81 papers as above.
(iii) Effects of gpD5. To study effects on the above reactions, various amounts of gpD5 were added immediately after DNA addition in each reaction tube unless otherwise specified. Variations in the volumes of gpD5 added were normalized by the addition of the same buffer, 20 mM Tris-hydrochloride (pH 8.2) containing 1 mM mercaptoethanol, 1 mM EDTA, and 50o glycerol.
Agarose gel electrophoresis. All gel electrophoresis was carried out in a 22-cm horizontal gel electrophoresis apparatus (Aquebogue Shop, Long Island, N.Y.). Gel electrophoresis of native DNA was usually carried out in 0.6% (wt/vol) agarose (SeaKem) in the Trisacetate system of Hayward and Smith (14) . Runs were made at 30 mA constant current for about 16 h.
Gel electrophoresis of denatured DNA was carried out with the system of McDonell et al. (21) . Agarose (0.8%) was made in 30 mM NaCI-2 mM EDTA. The solvent system was 30 mM NaOH containing 2 mM EDTA. Runs were made at 22 V (constant) for about 18 h.
RESULTS
Effect of gpD5 on the functions of T5 DNA polymerase with nicked DNA. The effectiveness of nicked DNA as a primer-template for DNA synthesis with T5 DNA polymerase depends on the degree of nicking. On both sides of the optimum, the amount of nucleotides incorporated decreases. As shown in Fig. 1A , the usual optimal concentration of DNase I under our conditions is about 1.3 ng/ml. A rough estimate of the number of cuts per molecule, as determined by agarose gel electrophoresis, was about 30. T5 DNA, nicked to the optimal degree for synthesis, was complexed with increasing amounts of gpD5. Such complexes were used as primer-template for T5 DNA polymerase. As shown in Fig. 1B , the synthesis was inhibited by gpD5, and the inhibition was linearly dependent on gpD5 concentration on a semilog plot. At the 50% inhibition point, the molar ratios of the essential macromolecules were as follows: (11, 23) .
With nicked T5 DNA more extensively nicked, there was less synthesis and no inhibition of this synthesis by gpD5 (Fig. 1B, 13 ng of DNase per ml). This extensively nicked DNA is a very good substrate for the 3' -* 5' exonuclease associated with the polymerase and suggests that this preparation of nicked DNA contains many single-stranded 3'-hydroxyl (3'-OH) termini where the enzyme binds preferentially.
Similar studies were carried out with PM2 DNA, with almost identical results (data not shown).
The effect of gpD5 on hydrolysis was studied by using constant amounts of DNA (1 ,ug/30 ,ul) and DNA polymerase (10 nM 17 (Fig. 3A) . When nicked PM2 DNA was saturated with gpD5 and then mixed with T5 polymerase, the polymerase binds to the complex and cosediments (Fig. 3B) proximal to 3'-OH termini with [32P]dTTP of high specific activity by nick translation with E. coli DNA polymerase I to increase the detectability of the 3' -> 5' exonuclease activity (Fig.  4) . Such DNA was complexed with T5 DNA polymerase and 3'-P DNA was added in excess, and hydrolysis by 3' -* 5' exonuclease of the polymerase was started by addition of Mg2+. Under these conditions, the polymerases that are not in complex with 3'-OH DNAs are complexed to 3'-P DNA and inhibited from further action. If during the hydrolysis, the four dNTPs are added, the enzyme molecules in the process of hydrolysis, and only these, will act to incorporate dNMPs in the synthesis process (6 (Fig. 5A, sample 1) . Presumably the same explanation can be given. We have used the amount of T5 DNA polymerase that gave slightly less than the maximal initial rate of synthesis and assumed that the amount of the polymerase used was slightly less than the number of effective primer ends. If the second phase of the time course in the reaction is slower due to transfer of polymerases to new primer-templates, then the process can be inhibited by DNA that is nonfunctional as primer-templates, such as 3'-P DNA (Fig. 4) . Thus, 3'-P DNA was added in 10-fold excess to a reaction similar to sample 1.
The second phase of the synthesis is inhibited as expected due to dissociated polymerase complexing with 3'-P DNA (Fig. 5A, sample 2) . As a control for the above experiment when 3'-OH DNA and 3'-P DNA were mixed together before the addition of the polymerase, even the first phase was inhibited because 3'-P DNA was in excess and the enzymes were preferentially bound to it (Fig. 5A, sample 3) .
We have also shown previously that in the presence of Mg2+ without dNTPs, the polymerase bound to a primer-template acts as 3' -k 5' exonuclease, acting processively. Thereafter, when the four dNTPs are added, the same enzyme acts as a polymerase (6) . Sample 4 was hydrolyzed by this technique in the presence of 3'-P DNA, and the four dNTPs were added 2 min later (0 min in Fig. 5A ) to initiate synthesis. Since a separate experiment showed that, under similar conditions, hydrolysis for the initial 2 min was not affected by the presence of 3'-P DNA, we have assumed that most of the polymerases are still in complex with the initial substrates at the end of this period. Thus, when the four dNTPs were added after 2 min of hydrolysis, the synthesis occurred on the same primer-templates. The result (sample 4) is consistent with this explanation as judged from an initial rate equal to that of the control (sample 1). The fractions of the template hydrolyzed during the synthesis in samples 1 and 3 are presumably on the single-stranded 3'-OH ends.
Similar substrates were used to study the effect of gpD5 (Fig. SB) . Sample 6 is the control and is similar to sample 4 of Fig. 5A . Sample 7 shows the effect of gpD5 added in saturating amount at 0 min along with the four dNTPs after 2 min of the hydrolysis by 3' --5' exonuclease of the polymerase to create single-stranded regions. It shows that the synthesis was inhibited from 0 min. For sample 5, gpD5 was added before hydrolysis, and it inhibited even the 3' -* 5' exonuclease activity to the level of sample 8, where the hydrolysis occurred only concomitantly with the synthesis. The concomitant hydrolysis occurred presumably with singlestranded 3'-OH ends that were present even before the initiation of the reactions. During the prior hydrolysis all types of 3'-OH ends were probably being hydrolyzed, and part of them were inhibited by gpD5. Our results are consistent with the explanation that the enzymes bound to 3'-OH ends that are properly hydrogen bonded and that can serve as primer-templates are preferentially inhibited by gpD5. Figure 6 shows another set of experiments indicating that the 3' -. 5' exonuclease can be inhibited by gpD5 added in the saturating amount. It also shows that the amount of synthesis is not affected by the prior hydrolysis, which presumably creates single-stranded regions along the template over which the synthesis occurs. In these experiments (Fig. 6 ), the prior hydrolysis was carried out for various times, and the synthesis was carried out for 4 min. (Note that the amount of synthesis was much greater than the amount of prior hydrolysis.) The concentrations of the substrate and the enzyme were the same as those in Fig. 5A and B. Sample 1 (Fig. 6 ) is the control that shows the time course of the prior hydrolysis when no inhibitors were present. The amount synthesized was not affected by the degree of the prior hydrolysis. Sample 2 (Fig. 6) shows the effect of adding excess 3'-P DNA to the complex of DNA polymerase and 3'-OH DNA. The time course of the prior hydrolysis was not affected for at least 2 min, but then the hydrolysis was inhibited. The hydrolysis of labeled regions of the initial substrate was completed in about 3 min. However, the amount synthesized from each time point of the prior hydrolysis was about the same. This suggests that the enzyme is still bound to the initial substrate even after 10 min of the prior hydrolysis, and such a complex is capable of Fig. 5 were hydrolyzed for various lengths of time as indicated in the figure, and then the four dNTPs were added to each sample for DNA synthesis. Synthesis time was 4 min for all samples. Reactions were stopped and analyzed as for Fig. 5 . Sample 2 (0), Reaction mixtures were prepared as for sample 1, except that 3'-P DNA was added in the same concentration as sample 2 of Fig. 5 before the initiation of hydrolysis. Sample 3 (V), Reaction mixtures were prepared as sample 1, except gpD5 was added in the same concentration as for Fig. 5 (B) before the initiation of hydrolysis. Sample 4 (A), Reaction mixtures were prepared as for sample 1, except that 3'-P DNA and gpD5 were added in sequence in the same concentrations as for samples 2 and 3, respectively. acting as primer-template for synthesis when the four dNTPs are added. Sample 3 (Fig. 6) is the same as sample 1, except gpD5 was added in saturating amount before the initiation of hydrolysis. The prior hydrolysis was obviously inhibited, but it was still going on at a much reduced rate. The synthesis from each time point of the prior hydrolysis was almost completely inhibited, and the degree of inhibition of the synthesis was independent of time of the prior hydrolysis or the length of the single-stranded regions. A similar experiment in which gpD5 was added before the polymerase showed that it does not matter which is a added first. Sample 4 (Fig. 6 ) is similar to sample 3, except that 3'-P DNA was present in excess to complex preferentially with any enzyme dissociated from the initial complex. The effect on the prior hydrolysis was about the same as for sample 3, and the synthesis was slightly less inhibited. This is consistent with our interpretation for sample 3 that most of the enzymes were still bound to the initial substrate.
We interpret these as showing that the translocation of the enzyme along the template is inhibited by gpD5. If gpD5 was forcing the enzyme off the substrate during the prior hydrolysis, then the longer time of the hydrolysis should cause more inhibition of the subsequent synthesis than occurred in the presence of 3'-P DNA. The experiments also showed that the amount of synthesis is not affected by the length of the single-stranded regions created by the prior hydrolysis. This further suggests that the strand displacement process ahead of a growing primer does not affect the synthesis either in the presence or the absence of gpD5. Therefore, the obvious possibility left is that the translocation of the polymerase is inhibited during the synthesis and the hydrolysis of DNA complexed to saturation with gpD5.
Effect of gpD5 on T5DNA polymerase functions with primed single-stranded DNA. If the above interpretation is correct, then the synthesis with primed single-stranded DNA, which will be free of double-stranded regions ahead of growing primer, also will be inhibited by gpD5. This was tested by use of heat-denatured SmaI digests of T5 DNA. This enzyme cuts T5 DNA into four pieces with average Mr values of 19 x 106 (size ranges from about 8 x 106 to 30 x 106). Various amounts of gpD5 and DNA were used with 0.6 pmol of T5 DNA polymerase. The initial rates were determined from 4 min of synthesis, during which the time course of synthesis is about linear. The results are shown as the reciprocal of the dTMP incorporated versus the concentration of gpD5 (Fig. 7) . The inhibition is greater when the primer-template concentration is less than optimal. This indicates that polymerase and gpD5 compete for primer-template. Similar results were obtained with HindIll digests and also with polydeoxyadenylic acidoligodeoxythymidylic acid. 30 ,ul is sufficient to inhibit synthesis under these conditions; thus, the amount used was about 20 pmol in excess of that needed for maximum inhibition. The result is shown as a double-reciprocal plot and compared with the reaction without gpD5 (Fig. 8) . The results were as expected. When native DNA is present in sufficient quantity to complex all the gpD5 (2 nmol of DNA, bp, or greater in this case), the rate of synthesis was the same as the maximum rate without gpD5 (Vmax = 14 pmol of dTMP incorporation per min). The convergence of initial rates shows that inhibition is competitive. The abrupt change in the slope of the curve at the higher concentration of native DNA suggests preferential affinity for native DNA over primed single-stranded DNA. This is due to a positive cooperative effect (17) pmol, and that of T5 DNA polymerase was 0.4 pmol. The controls are without gpD5 (0) and with native DNA alone (A). termini with isotopes of high specific radioactivity. With DNA polymerase complexed to nicked DNA, in the presence of excess 3'-P DNA as scavenger for free DNA polymerase, we have shown that DNA polymerase in complex with nicked DNA can act first as an exonuclease and then as a polymerase just as we have shown previously with polydeoxyadenylic acid-oligodeoxythymidylic acid (6) . The product of gene D5 binds to such duplex DNA preferentially and cooperatively (11, 23) , and the present studies show that when it saturates the duplex DNA, it inhibits both hydrolysis and synthesis.
Inhibition of polymerization by gpD5 could be at 3'-OH termini or by prevention of strand displacement ahead of a growing primer. Our data indicate that the primary effect is at 3'-OH termini because syntheses with nicked, gaped, and primed single-stranded DNA are all inhibited. Although there is no evidence for direct interaction between gpD5 and DNA polymerase, gpD5 may, when complexed to DNA, hinder proper alignment of DNA polymerase at the 3'-OH end.
The above discussion suggests at least two possible mechanisms for involvement of gpD5 on DNA replication.
(i) The role of gpD5 may be indirect. A binding of gpD5 to all double-stranded regions except the origin or promoter sites (or both) induces the complex involved in initiation of DNA replication to bind to these exposed sites (10) . Such a site may be at least partially single stranded and may thus have a lower affinity for gpD5. RNA synthesized in such a site may act as a primer for DNA synthesis under certain conditions (26) . RNA primer complexed to DNA may also have a lower affinity for gpD5. DNA covered with gpD5 may prevent adventitous initiation of DNA replication from any 3'-OH termini.
(ii) Some fraction of gpD5 may bind specifically to certain DNA sequences or structures, such as that at the origin of DNA replication and promoter sites. About 5% of gpD5 appears to be phosphorylated (7) , and such fractions may be involved in site-specific binding. However, it was not determined what was phosphorylatedcertain amino acids could be phosphorylated or ADP ribosylated. There may be some other kind of modification. As mentioned above, the T antigen of simian virus 40 binds to the origin of DNA replication, and this binding is essential for DNA replication (18) . According to a recent report, only a small subclass of the T antigen binds to the origin, and it corresponds to a fraction recognized by a T antigen-specific monoclonal antibody (25) .
The presence of mutants of gene D5 that prevent T5 DNA synthesis in nonpermissive hosts (15, 20) indicates that the role of gpD5 cannot be just a passive one. It is probably analogous to that of the T antigen of simian virus 40 (18) and the 0 protein of A (27) . Mechanisms of the action-of these two proteins are not yet known, and the T5 system may provide another approach to understanding the role of this type of DNA-binding proteins.
